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Abstract
Apart from the ergonomic inconveniences, LESS surgery presents some specific technical difficulties such as the loss of 
instruments triangulation, and closer proximity of instruments, leading to clashing and crossing of the instruments both inside and 
outside the patient. In this case, the surgeons need to adopt a posture particularly appropriate for this task. However, it is not clear 
whether the movements of the upper-limb joints are able to destabilize other body segments, like it is the head segment. The 
UCM framework allowed WKH TXDQWL¿FDWLRQ RI WKH RYHUDOOupper-limb joint variability into a task-relevant and task-irrelevant 
component. It was supposed that LESS surgery needs more flexibility by the surgeon than conventional laparoscopy, and that 
could compromise joint coordination. The results of the UCM analysis showed a positive degrees of freedom synergy index 
indicating that the co-variation of the upper-limb joint angles stabilizes the head posture of the surgeons in the anterior-posterior 
direction. There was not a statistically significant difference in the synergy index between the LAP and LESS approach for the
UCMs of both the left  (ݐ(7) = 1.76, ݌ = 0.12) and right side joint spaces  (ݐ(7) = 0.127, ݌ = 0.902) . However, important 
differences can be appreciated individually. The results showed that the underlying framework was able to quantify surgeons’ 
motor variability, providing inspiration for new human-machine interaction designs, as well as more targeted ergonomics 
assessments.
© 2015 The Authors. Published by Elsevier B.V.
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1. Introduction
Laparoscopic surgery has experienced rapid development in recent years, providing multiple advantages for the 
patient such as the reduction in postoperative pain, tissue trauma and infection rate, decreased hospitalization 
periods, better aesthetic results, and shortened recovery period [1-3]. In this sense, laparoendoscopic single-site 
(LESS) surgery is now consolidated as a real alternative to conventional laparoscopic surgery, with numerous 
studies sustaining its feasibility and therapeutic safety [4-7]. In this surgical approach, a multichannel surgical port is 
used to have access to the abdominal cavity of the patient where articulated or prebent instruments are introduced.
Laparoscopic surgery entails certain inconveniences for surgeons such as the limited degrees of freedom due to 
the use of fixed surgical ports to enter into the abdominal cavity. This restriction of movements leads to an increased 
incidence of static postures of head and torso and adoption and maintenance of awkward body postures for long 
periods of time [8-10].These problems could lead to deficient ergonomic conditions during the surgical intervention 
[11], increasing the possibilities of muscle fatigue and musculoskeletal pathologies [10, 12-14].Similarly, LESS 
surgery has shown an increase inworkload [15] and musculoskeletal problems [16] with regard to laparoscopy, 
suggesting that most of the ergonomic deficiencies of laparoscopy can be extrapolated to this approach [17]. Apart 
from the ergonomic inconveniences, LESS surgery presents some specific technical difficulties such as the loss of 
instruments triangulation, and closer proximity of instruments, leading to clashing and crossing of the instruments 
both inside and outside the patient [18]. Another key drawback in laparoscopic surgery is the ergonomic position of 
the monitor, which is important not only for the coordination of the surgeon and the surgical performance [13], but 
also influences the body posture adopted the surgeon during surgery. 
Understanding how operation conditions, workplace layout and instruments design influence surgeons adopted 
posture could provide inspiration for new human-machine interaction designs, as well as more targeted training 
methods. Towards this end, the uncontrolled manifold hypothesis (UCM) provides a quantitative approach to 
analyze the influence of imposed constraints, e.g. workplace layout and instruments design, on the postural strategy 
that surgeons choose to accomplish surgical tasks. Recently, the UCM framework was used to examine whether 
teleoperation with the da Vinci Si Surgical System manipulator (grip fixture attached to master manipulator) changes 
the structure of joint variability in experienced and novices surgeons relative to freehand (holding the grip fixture 
alone) [19,20], and to analyze whether joint angles during laparoscopy work cooperatively to adjust head position 
[21]. It was showed that the effect of teleoperation on hand movements’ stabilization depends on experience, and 
that the head control variable defines an uncontrolled manifold–i.e., joint configurations of upper arm during 
laparoscopy do notdestabilize head position.  
7KH8&0IUDPHZRUNDOORZVWKHTXDQWL¿FDWLRQRIWKHRYHUDOONLQHPDWLFYDULDELOLW\LQWo a task-relevant and task-
irrelevant component. According to the principle of motor abundance, there are a combination of solutions that are 
equally able to solve the motor task problem within an acceptable margin of error [22, 23]. The motor redundancy 
that is arose by the numerous degrees of freedom of the human locomotor apparatus compared with the substantially 
lower anatomical constraints that are imposed by the structure of the musculoskeletal system at joints’ level, gives to 
the surgeons the possibLOLW\WRDGRSWDQLQ¿QLte number of postures during work tasks and consequently the ability to 
execute a countless voluntary motor patterns in order to accomplish their labor activities. A coordinate motor pattern 
can be viewed as a purposeful pattern of actions by a set of elemental variables which are characterized by a certain 
irreducible level of motor variability in their outputs [22]. In this paper, we examine the effect of laparoscopic and 
LESS approach on redundancy exploitation for head movement stabilization.
2. Methodology
2.1. Subjects
Eight right-handed experienced surgeons in laparoscopic surgery (>100 laparoscopic procedures) and LESS 
surgery (>20 procedures using LESS approach) participated in the study, after voluntarily accepting to participate in 
the trials.
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2.2. Procedure
Subjects performed a dissection of the serosa layer on an ex vivo porcine stomach inside a laparoscopic box 
trainer during 10 min. This task was carried out by both laparoscopic surgical approach (LAP) and by LESS surgery. 
The task were performed on a validated laparoscopic simulator (SIMULAP®, JUMISC, Spain), with a 5-mm, 30-
degree rigid laparoscope (KARL STORZ GmbH&Co.KG, Tuttlingen, Germany) was used as vision system. The 
laparoscopic camera was controlled by an assistant, who was the same for all the tasks. In order to avoid bias, the 
initial procedure (LAP or LESS) was randomly selected for each surgeon, with a 3-min break between procedures. 
During laparoscopic task performance, all subjects handled a laparoscopic scissors (EndoShears®, Covidien, 
Mansfield, USA) with the right hand and a laparoscopic dissector (EndoDissect®, Covidien) with the left hand. For 
LESS approach, surgeons used an articulating tip scissors (SILS Shears®, Covidien) on the right hand and on the 
left hand a dissector with the same characteristics (SILS Dissector®, Covidien), both instruments inserted into the 
box trainer through a SILS™ port (Covidien).
2.3. Experimental set-up
Two HD video cameras (JVC GY-HM70) with a sampling rate of 50 Hz were used to record surgeons' posture 
during each surgical activity. The calibrated space was 2 × 2 × 2 m. 
2.4. Data analysis
2.4.1. Data reduction
The recorded videos were processed using the MaxTRAQ software (Innovision-Systems, USA) in order to 
calculate the 3D coordinates of the following digitized points: vertex (VX),nose (NS), occipital protuberance (OC), 
7th vertebrae (C7), xiphoid (XP), left shoulder (LS), right shoulder (RS), left elbow (LE), right elbow (RE), left wrist 
(LW), right wrist (RW), left hip (LH), right hip (RH), and 3 points on the monitor (M1, M2, M3). The 3D 
coordinates of the cited digitized points were obtained using the algorithm known as DLT (Direct Linear 
Transformation) and were specified with respect to the defined origin of the global reference system. 3D coordinates 
were obtained for a total of 40 events (ܰ =  40), an event every 15 sec of surgical activity. The obtained .C3D files 
were introduced to Visual3D software (C-motion, USA) for further analysis.No smoothing process was performed.
2.4.2. The UCM analysis
The UCM hypothesis allowed to map the variance ofthree individual joint anglesࢨݐ = (߆1ݐ ,߆2ݐ ,߆2ݐ)ܶ, with ݐ =
1, 2, … ,ܰ,onto the head position variance, and to separate the combinations of ࢨݐ that are equally able to stabilize 
head position, within an acceptable margin of error, for those ࢨݐ combinations that are irrelevant of the ongoing task 
[24]. In this study, a simple geometrical model that links the joint configuration of the left and rightupper-body with 
head position in a sagittal plane was developed (Fig. 1). The UCM was set as the manifold in the joint angle space 
on which the head position is the constant value ܻ(ࢨഥ)–i.e., the mean value across all trials for each subject.
The head coordinate (ܻ) is a certain function of positioning anglesࢨݐ = (߆1ݐ ,߆2ݐ ,߆2ݐ)ܶ: 
ܻ߆ =  ܮ1 cosȣ1ݐ + ܮ2 cos(ȣ1ݐ + ȣ2ݐ ) + ܮ3 cos(ȣ1ݐ + ȣ2ݐ + ȣ3ݐ ) (1)
The mean joint configuration across trials (ࢨഥ) was computed for each subject and the deviation of each particular
i-trial(ࢨݐ) from the mean joint configuration was computed
ȟࢨ = ࢨഥ െ ࢨݐ (2)
The UCM was approximated linearly by the nullspace of the Jacobian matrix (ࡶ) based on the mean joint 
configuration:
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ࡶ =  [െܮ1 sin߆ത1 െܮ2 sin(߆ത1 + ߆ത2)  െܮ3 sin(߆ത1+ ߆ത2+ ߆ത3)] (3)
The Jacobian ࡶ is a matrix of partial derivatives that correspond to changes in the task-level variable with respect 
to each of the segmental angles. The null space of the Jacobianࡶ was computed to provide basis vectors (ࢿ݅)
spanning the linearized UCM. The joint space is three-dimensional (݊ = 3), and for the one-dimensional task 
variable (݀ = 1) the null space is two-dimensional (݊ െ ݀ = 2). The two basis vectors ࢿ1 and ࢿ2 defining the null 
space were computed with the nullspace() function of the package pracma in R environment. The component of the 
deviation matrix ȟࢨ which is parallel to the UCM represents how much deviation occurs without altering the value 
of the task-level variable and was obtained by its projection onto the null space(ȣܷܥܯ). To compute the orthogonal 
projection of the ȟࢨ the projection matrix ࡽ for the two-dimensional null space of R3 spanned by the vectors ࢿ1 and 
ࢿ2 was computed
ࡽ = ࡶ(ࡶܶࡶ)െ1ࡶܶ (4)
Therefore
દܷܥܯ = ࡽȟદܶ (5)
The component perpendicular to the null space is 
દܱܴܶ = (ࡵ െ ࡽȟદܶ) (6)
whereI is the identity matrix. The amount of variability per degree of freedom within the uncontrolled manifold 
is
ܸܷ ܥܯ =  ඥ(݊ െ ݀)െ1 ܰݐݎ݈݅ܽݏെ1 σદܷܥܯ2 (7)
The amount of variability per degree of freedom perpendicular to the uncontrolled manifold is
ܸܱ ܴܶ =  ඥ݀െ1 ܰݐݎ݈݅ܽݏെ1 σદܱܴܶ2 (8)
When ܸܷ ܥܯ is larger than the ܸܱ ܴܶ the variance of joint configuration stabilizes the head position, whereas when 
ܸܱ ܴܶ  is larger than ܸܷ ܥܯ  the variance of joint configuration destabilizes head position. The index
ݏ = ܸܷܥܯ െܸܱܴܶ
ܸܷܥܯ +ܸܱܴܶ
(9)
was defined as the degrees of freedom synergy index. When ݏ > 0, the variance of joint configuration stabilize head 
position. When ݏ = 0, there is no a particular coordination in this specific way, and when ݏ < 0 joint configuration 
destabilizes head position. 
2.4.3. 3D kinematic analysis
For thesame events, the posture of the head was defined with respect to the trunk, considering posture as the 
position and orientation of body segments. The trunk and head body segments were defined as solids and their 
spatial position and orientation were obtained by means of fixed to them segmental reference frames (SRF) (Fig. 2).
This process allows the measurement of the posture adopted by surgeons in terms of clinically interpreted position 
and orientation of body segments. 
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The trunk reference frame (XtYtZt) was defined by the C7, LH, RH, and XP points. The origin (Ot) was at C7. 
The directions of the axes are as follows:
x the direction of the (Xt) axis is perpendicular to the plane formed by C7, the midpoint of RH – LH, and XP 
points
x the direction of the (Yt) axis is perpendicular to the plane formed by Zt and Xt axes
x the direction of the (Zt) axis is the opposite one to the vector connecting C7 and the midpoint of RH and LH
The head reference frame was defined by the VX, NS, and OC points. The origin (Oh) coincides with the 
midpoint of NS – OC. The directions of the axes are as follows:
x the direction of the (Xh) axis is perpendicular to the plane formed by VX, NS, and OC points
x the direction of the (Yh) axis is perpendicular to the plane formed by Zh and Xh axes
x the direction of the (Zh) axis is the vector connecting the midpoint of NS – OC and VX
For every segment of the mechanical model defined, where SRF are fixed, the well-known Euler’s sequence of 
rotation is used to obtain the posture of the head with respect to the trunk:
x 1st rotation with respect to Xt axis, where head flexion – extension takes place
x 2nd rotation with respect to Zt axis, where head rotation takes place
x 3rd rotation with respect to Yh axis, where head tilt takes place
2.5. Statistical analysis
Descriptive statistics were summarized in terms of mean and standard deviation. Paired t-test was used to 
compare variables between the two approaches. Statistical analysis was carried out using the R software [25].
Fig. 1.Three-link geometrical model in a sagittal plane used in the UCM analysis. From the origin, each circle shows the wrist, elbow, shoulder 
joint and vertex, whereas Ĭn (n = 1, 2, 3) shows each joint angle, and Ln (n = 1, 2, 3) shows the forearm, upper-arm length, and neck-head length.
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3. Results and discussion
Kinematic redundancy enables surgeons to adopt an appropriate posture during surgical tasks in the space of all 
possible combinations allowing them to avoid uncomfortable postures. However, other constraints than the 
anatomical ones can influence particular joint configurations–i.e., workspace layout and instrumental design. 
Therefore, the goal of the UCM analysis was to test whether variability in upper-limbs joint configuration during 
two different surgery approaches stabilized or destabilized head posture on the sagittal plane. Although the inter-trial 
variability in joint configuration space should be structured in a manner to stabilize manual operation-task 
movements, by definition it could be structured also in a manner to stabilize other important controlled-variables as 
well. The head posture is a plausible candidate as its position is constrained by the displacement of the monitor. 
The results of the UCM analysis showed a positive degrees of freedom synergy index indicating that the co-
variation of the upper-limb joint angles stabilizes the head posture of the surgeons in the anterior-posterior direction. 
This synergy is stronger in some surgeons. Even though the synergy index takes different values between the LAP 
and LESS approach (Fig 3), there was not a statistically significant difference in the synergy index between the LAP 
and LESS approach for the UCMs of both the left (ݐ(7) = 1.76,݌ = 0.12) and right joint spaces (ݐ(7) = 0.127, ݌ =
0.902).
Fig.2.Representation of the mechanical model that was used in the study and the SRF (blue axis: Z; red axis: X; green axis: Y).
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Fig. 3.The degree of synergy index for the LAP and LESS approach for the UCMs of the A) left and B) right side joint spaces.
Fig. 4.Head-to-trunk and head-to-screen 3D angles across surgeons.It can be seen the variability of the adopted postures.
The results of the 3D kinematics concerning the posture of the head with respect to the trunk are shown on Fig. 4. 
There is a high variability on the postures adopted by the surgeons. This is because the surgeons are free to adopt 
their postures according to their personal judgement. 
4. Conclusion
The 3D kinematics analysis gave us information regarding the head posture adopted by the surgeons with respect 
to the trunk and how itvaries during surgical activities. Furthermore, surgeon’s upper-body joint variability was 
quantified using the framework of the UCM hypothesis, allowing to separate the combination of joint angles that 
were equally able to stabilize head mean posture on sagittal plane for those solutions that were destabilized head 
mean posture. The results showed that the underlying framework was able to quantify surgeons’ motor variability, 
providing inspiration for new human-machine interaction designs, as well as more targeted ergonomics assessments.
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